Hepcidin is an iron regulatory peptide produced by the liver in response to inflammation and elevated systemic iron. Recent studies suggest that circulating monocytes and resident liver macrophages -Küpffer cells -may influence both basal and inflammatory expression of hepcidin.
Introduction
Hepcidin was first identified as a liver expressed antimicrobial peptide, 1 but has emerged as the major regulator of systemic iron homeostasis. 2 An acute-phase protein and a component of the innate immune response, 3 hepcidin is central to the development of the anemia of inflammation and the anemia of chronic disease by inhibiting cellular iron export into the serum through its action on macrophage ferroportin. [4] [5] [6] [7] In addition to its induction by inflammatory cytokines, hepcidin (HAMP -hepcidin antimicrobial peptide) transcription has been shown to be sensitive to changes in serum iron levels, systemic iron stores, erythropoietic factors and hypoxia. 8, 9 Moreover, the absence or low expression of hepcidin is implicated in the etiology of hereditary hemochromatosis as a primary cause of iron overload 10 whereas its over-expression has been linked to iron deficiency anemia. 11 While a number of cell types are known to express hepcidin, [12] [13] [14] [15] [16] serum hepcidin levels are mainly determined by production and release of the peptide by hepatocytes; however, the involvement of other cell types in the regulation of hepatocyte hepcidin is unclear. Macrophages are primary candidates for such a role as they provide the majority of serum iron recycled from senescent erythrocytes and are also intrinsically involved in innate immunity and awakening of the adaptive immune response. To date, only a few studies have addressed the possibility of cytokine-secreting cells such as enterocytes or macrophages influencing hepatocyte HAMP gene expression. Studies using conditioned medium from peritoneal macrophages or THP1 monocytes have shown stimulation of hepcidin production in primary hepatocytes or HuH7 cells, respectively. 17, 18 Moreover, co-culturing with THP1 macrophages has been suggested to ensure an appropriate hepatocyte hepcidin response to added non-transferrin or transferrinbound iron in vitro. 19 However, this contrasts with in vivo studies in which Küpffer cells and macrophages were transiently inactivated. These studies demonstrate that hepatocytes can appropriately respond to iron challenge in isolation but that macrophages may be required for inflammatory regulation of hepcidin. 20, 21 Recently, there has been a report of a negative effect of Küpffer cells on hepatocyte HAMP expression and as a result a blunted hepcidin response to lipopolysaccharide treatment. 15 Based on these previous studies, the precise role of macrophages in mediating or contributing towards the regulation of hepatocyte HAMP expression remains unclear. To address this issue, we developed an in vitro coculture model utilizing human hepatoma cells (HuH7) and macrophages (THP1) to study the influence of activated macrophages on hepatic hepcidin expression.
Design and Methods

Cell culture
HuH7 human hepatoma cells were grown in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum and were used for experiments at 80% confluence. THP1 cells, grown in RPMI-1640 medium containing 10% fetal bovine serum, were seeded at 1×10 6 cells per well on Transwell filters and treated overnight with phorbol myristate acetate (PMA) (100 nmol/L) to induce differentiation and attachment to the filters. Following differentiation cells were washed and incubated in fresh medium for 24 h prior to the experiments.
Co-culture
HuH7 hepatoma cells were seeded at a density of 0.5×10 6 cells per well in six-well plates and were grown for 48 h. On the day of the experiment HuH7 cells were washed and given fresh medium (containing neutralizing antibodies where necessary) and were overlaid with Transwell membranes containing either differentiated THP1 macrophages, non-activated THP1 cells (monocytes) or conditioned medium. Interleukin-6 (IL-6; R&D Systems, Abingdon, UK) and interleukin-1β (IL-1β) neutralizing antibodies (Abcam, Cambridge, UK) and the bone morphogenetic protein (BMP) inhibitor noggin (R&D Systems) were used in some studies to identify macrophage-derived factors that might regulate hepcidin expression in HuH7 cells. In other experiments, HuH7 were exposed to THP1-conditioned medium alone (i.e. in the absence of THP1 cells). In addition, the effects of cytokines (IL-6, IL-1β and BMP2; PeproTech EC Ltd, London, UK) on HAMP expression in HuH7 monocultures was determined.
Real-time quantitative polymerase chain reaction
Total RNA was isolated from HuH7 cells using Trizol reagent (Invitrogen, Paisley, UK). Following first strand synthesis, expression levels of HAMP, IL-6, IL-1β and 18S (used as a housekeeper gene) mRNA were analyzed by real time quantitative polymerase chain reaction (PCR) using an ABI Prism 7000HT PCR cycler with gene-specific primers (Table 1 ) and a Quanti-Tect SYBR Green PCR kit (Qiagen, Crawley, UK), according to the manufacturer's protocol. Quantitative measurements of each gene were derived from a standard curve constructed from known concentrations of PCR product.
Generation of hepcidin promoter plasmid constructs
Genomic DNA was obtained from HepG2 cells and the proximal 942 bp of the human HAMP promoter was cloned into the pGL3-basic luciferase reporter vector (Promega, Southampton, UK) as described by Courselaud et al. 22 Site-directed mutagenesis (Quickchange II, Stratagene, Stockport, UK) was used to insert mutations in known conserved transcription factor binding sites present in the proximal 942 bp of the HAMP promoter as detailed in Table 2 . Briefly, the signal transducer and activator of transcription (STAT)3 response element was mutated according to an initial study by Wrighting and Andrews. 23 The putative BMP responsive element was mutated in accordance with the observations of Verga Falzacappa et al., 24 while Eboxes, denoted 1 and 2, were inactivated as described by Bayele et al. 25 The accepted proximal CCAAT enhancer binding protein (C/EBP) binding site was mutated by addition of a MluI restriction site. All constructs were sequenced prior to use in reporter assays.
Cell transfection and luciferase reporter assays
HuH7 cells were transfected with the wild type or mutant [STAT3, C/EBP, BMP-sons of mothers against decapentaplegic-4 (SMAD4) and E-BOX 1,2] HAMP reporter constructs or the empty pGL3-basic vector, using Fugene 6 (Roche, Burgess Hill, UK) according to the manufacturer's instructions. To normalize for the transfection efficiency, an internal control -pRL-SV40 Renilla luciferase plasmid (Promega) was co-transfected alongside the HAMP constructs in a 1:50 ratio in serum-free medium. After 24 h equilibration, cells were treated for an additional 24 h and luciferase activity was determined in triplicate in at least two independent experiments using the Dual Luciferase Reporter Assay, according to the manufacturer's instructions (Promega).
Statistical analysis
Statistical differences (p<0.05) among groups were determined using a one-way ANOVA, followed by Tukey's post-hoc test. Student's unpaired t test was used to compare the effects of monoculture versus coculture within the same treatment group.
Results
The effect of co-cultured macrophages on hepcidin regulation in HuH7 hepatoma cells THP1 cells were seeded onto Transwell inserts and incubated overnight in the presence or absence of the differentiating agent PMA. After washing, THP1 cells were incubated in fresh media for 24 h and were then overlaid onto six-well plates containing HuH7 hepatoma cells. HAMP expression in HuH7 cells co-cultured with activated THP1 macrophages was increased to 430±38% of that in the HuH7 monoculture control (p<0.001) after 24 h ( Figure 1A ). In contrast there was no significant difference in HAMP levels in HuH7 cells grown in the presence of non-activated THP1 cells (88±7%) compared with the levels in HuH7 cells alone.
Therefore, in all subsequent experiments data are expressed relative to the monoculture control.
In order to further examine hepcidin induction in this co-culture system a luciferase reporter construct containing 942 bp of the HAMP promoter was transiently transfected into HuH7 cells. Co-culturing HuH7 hepatoma cells with differentiated THP1 cells caused a progressive time-dependent increase in HAMP promoter activity, reaching 143±7% of the control activity after 12 h and 160±17% after 24 h (both p<0.01 compared to baseline; Figure 1B ).
To demonstrate that hepcidin induction was due to macrophage-derived soluble factors, HuH7 cells were exposed to THP1 macrophage-conditioned medium for 24 h. This approach also resulted in significant induction of HAMP mRNA expression (699±196% compared with the monoculture control; p<0.01; Figure 1C ), and HAMP promoter activity in reporter gene assays (161±6%; Figure 1D ).
Exogenous interleukin-6, interleukin-1β β and bone morphogenetic protein-2 increase the expression of hepcidin in HuH7 cells
In short-term studies (up to 4 h) a number of agents have been shown to induce hepcidin expression. Our preliminary data ( Figure 2A ) revealed a rapid and significant (p<0.05) increase (within 2 h) in HAMP mRNA levels in the presence of IL-6 (4.8±0.3 fold), IL-1β (2.3±0.3 fold) and BMP2 (7.0±1.1 fold). The longer term effect (24 h) of these agents on endogenous HAMP mRNA expres- Figure 2B ).
The effect of anti-interleukin-1β β, anti-interleukin-6, or noggin on the induction of hepcidin by macrophages
Both IL-6 and IL-1β are released by macrophages during inflammation and increase hepatic HAMP expression. In our cell system, activation of THP1 macrophages with PMA resulted in a 52±9-fold increase in IL-6 (p<0.001) and a 192±25-fold increase in IL-1β mRNA expression (p<0.001), compared with untreated cells. Following co-culture with THP-1 macrophages, HuH7 IL-6 mRNA levels were increased 12.5±1.4-fold (p<0.001), whereas IL-1β mRNA levels were induced 23.9±5.0-fold (p<0.001) compared with untreated controls. The relative levels of these cytokines in THP-1 macrophages were significantly higher than those observed in co-cultured HuH7 (IL-6, 7.4±1.3-fold, p<0.001; IL-1β, 1046±135-fold, p<0.001). This marked induction of IL-1β suggests that this cytokine may play a significant role in regulating HuH7 HAMP levels in the co-culture system.
To further distinguish between the contributions of IL-6 and IL-1β to the regulation of HAMP expression, THP1 macrophages/HuH7 hepatoma cells were co-cultured in the presence or absence of either anti-IL-6 or anti-IL-1β neutralizing antibodies. The effects of the BMP antagonist noggin were also investigated. In preliminary studies to validate the use of these agents we observed that the induction of HAMP by IL-6, IL-1β, and BMP2 could be blocked in the presence the anti-IL-6 antibody (-82% of the IL-6 response), the anti-IL-1β antibody (-79% of the IL-1β response) and noggin (-48% of the BMP2 response), respectively ( Figure 3A) . While the presence of anti-IL-6 had no significant effect on co-culture-induced hepatic HAMP expression after 24 h, the anti-IL-1β neutralizing antibody abolished the induction of hepcidin under these conditions. The BMP antagonist noggin significantly reduced basal HAMP expression in HuH7 cell monocultures to 25±7% (p<0.001) of the control level ( Figure 3B ) but could not prevent a 2.4-fold induction in HAMP expression from this level in the presence of THP1 macrophages.
Mutations in the SMAD4 and C/EBP binding sites of the HAMP promoter abolish sensitivity to macrophages
After transfecting HuH7 hepatoma cells with a luciferase reporter containing 942 bp of human HAMP promoter, co-culture with activated THP-1 macrophages resulted in a 165±11% induction relative to the level in the monoculture control (p<0.05; Figure 4 ). Mutations of Neutralizing antibodies, anti-IL-6 (0.1 µL/mL), anti-IL-1β (5 µL/mL), and noggin (0.1 µg/mL), were validated by measuring their ability to block HAMP mRNA induction by IL-6 (10 ng/mL), IL-1β (10 ng/mL) or BMP-2 (25 ng/mL). The effect of each cytokine was normalized to 100%. Data are mean±SEM of six observations in each group and are expressed as a ratio of 18S mRNA (% control) (B) HuH7 cells were cultured in the absence (filled bars) or presence (open bars) of activated THP1 macrophages, in the presence of neutralizing antibodies or noggin for 24 h. Anti-IL-6 antibody had no significant effect on HAMP mRNA expression, however the IL-1β antibody prevented the macrophage-dependent induction of HAMP. Noggin decreased basal expression HAMP expression but HAMP mRNA was significantly increased in the presence of THP1 macrophages. Data are mean±SEM of four to six observations in each group and are expressed as a ratio of 18S mRNA (% control). The statistical analysis to determine differences between groups was performed using a one-way ANOVA with Tukey's post-hoc test. Different letters above data bars (UPPERCASE -THP1/HuH7 co-cultures; lowercase -HuH7 monocultures) indicate that these groups are significantly different (p<0.05). To compare differences between co-culture and monoculture within the same treatment group we employed Student's unpaired t test. *p<0.05; **p<0.01. The statistical analysis to determine differences between groups was performed using a one-way ANOVA with Tukey's post-hoc test. Different letters above data bars (UPPERCASE -THP1/HuH7 co-cultures; lowercase -HuH7 monocultures) indicate that these groups are significantly different (p<0.05). To compare differences between co-culture and monoculture within the same treatment group we employed Student's unpaired t test. *p<0.001. the STAT3 response element resulted in a 30±3% (p<0.05) decrease in basal activity, but interestingly did not prevent the induction of promoter activity due to the presence of macrophages. Moreover, the mutation of both E-boxes resulted in significant de-repression of basal promoter activity (140±5% of control; p<0.05), suggestive of promoter occupancy by repressor proteins. Interestingly, HAMP promoter activity was not significantly further induced in the presence of macrophages. In contrast, mutation of the BMP response element decreased basal expression to 26±7% of the wild type control level and prevented the induction by macrophages. Finally, when the proximal C/EBP response element was mutated, there was no effect on basal promoter activity; however, the induction of HAMP promoter following exposure to macrophages was fully abrogated.
Discussion
In this study we developed an in vitro co-culture system to investigate the cross-talk between hepatocytes and macrophages in mediating hepcidin regulation. Similar models have been employed previously to study the effects of monocyte/macrophage factors on hepatocyte HAMP expression. A strong induction of HAMP was observed in primary hepatocytes following the addition of peritoneal macrophage conditioned medium. 17 Moreover, Jacolot and colleagues demonstrated that PMA-differentiated THP1 cells alter hepatoma cell iron sensing. 19 In agreement with these studies, 17, 19 we have shown that both co-culture of HuH7 cells with THP1 macrophages, and the addition of conditioned medium from THP1 macrophages exert a positive effect on endogenous HAMP expression and HAMP promoter activity through soluble factors found in the medium. Interestingly, Verga Falzacappa and colleagues demonstrated a time-dependent increase in HAMP expression in HuH7 cells following the addition of conditioned medium from THP1 monocytes. 18 However, we could not replicate this finding when co-culturing THP1 monocytes with HuH7 cells. This suggests that in our co-culture system THP1 macrophages must be activated to elicit a stimulatory effect on HAMP expression.
Various studies have described an array of cytokines that can induce hepcidin expression, including IL-6, IL-1 and a number of BMP. 17, [27] [28] [29] [30] Most of these cytokines are known secreted products of macrophages and monocytes. Our data revealed a substantial induction of both IL-6 and IL-1β mRNA in THP1 cells following activation with PMA. To distinguish between the effects of these cytokines we utilized neutralizing antibodies to IL-1β or IL-6, and noggin, a BMP inhibitor. Preliminary studies showed that the antibodies and noggin were able to suppress the increase in HAMP elicited by their respective cytokines. While the IL-1β antibody blocked macrophage-induced HAMP production there was no effect of the IL-6 neutralizing antibody on this response. Interestingly, a microarray study showed an 84-fold increase in IL-1β expression following addition of PMA to THP1 cells, 31 suggesting that it was the predominant cytokine produced by activated THP1 macrophages. In support of this hypothesis, Lee et al. suggested that IL-1α and β but not IL-6 were the main cytokines found in the conditioned medium from peritoneal macrophage preparations. Furthermore, HAMP expression in primary hepatocyte preparations from IL-6 -/-mice also responded appropriately to the addition of conditioned medium. 17 Next we attempted to address the molecular basis for the induction of hepcidin by macrophage-derived factors. A number of consensus elements within the proximal 0.9 kb human HAMP promoter have been mapped and functionally assessed. These include binding elements for transcription factors of the CCAAT enhancer family, STAT3, SMAD4, and transcription factors of the β helix-loop-helix (βHLH) family (HIF, USF, c-myc, cmax). Using a series of HAMP promoter constructs we explored the role of these transcriptional regulatory sites on the induction of hepcidin by activated macrophages.
A conserved STAT3 binding site (-72 to -59 bp, relative to the transcriptional start site), has been identified and has been shown to be essential for the classical IL-6-gp130 induction of HAMP promoter via the JAK/STAT3 pathway.
18,23 Interestingly, we have recently shown that the adipokine leptin, through its cognate Ob-Rb receptor, can also induce this pathway and this observation may be pertinent to the understanding of obesity-associated hypoferremia. 32 Mutation of the STAT3 binding site resulted in a significant decrease in basal HAMP promoter activity. These findings are in keeping with previous observations 18 and confirm the importance of STAT3 in the regulation of HAMP expression. Interestingly, mutation of the STAT3 binding site in the HAMP promoter did not influence luciferase activity in the presence of activated macrophages, suggesting that it does not play a major role in controlling hepcidin regulation in our coculture model. Importantly, this hypothesis is further supported by our data from the studies using the IL-6 neutralizing antibody.
Two E-box elements, labeled 1 and 2 in this study (-440 to -435 and -512 to -507 bp), have been shown to bind βHLH factors. 25 In particular, the region containing both of these elements was also demonstrated, in vivo, to be occupied by hypoxia inducible factors and thus could be important in conferring sensitivity of HAMP expression to hypoxia. 33 Under the conditions of this study mutation of the E-box sequences resulted in a significant increase in basal HAMP promoter activity. Taken together with the findings of Bayele et al., 25 these data indicate that E boxes may be important in both positive and negative regulation of HAMP promoter activity depending on the relative abundance of the transcription factors binding to this region.
In close proximity to the STAT3 site lies a conserved SMAD4/BMP responsive element (-84 to -79 bp), which is regulated by BMP and other members of the transforming growth factor-β superfamily. This region has been shown to confer sensitivity to a range of BMP in vitro, and to mediate, in part, the regulation of hepatocyte hepcidin in response to changes in serum iron. 24 Inhibition of BMP signaling by the mutation of the SMAD4/BMP response element in the proximal HAMP promoter completely abolished the induction of hep-cidin by macrophages and dramatically decreased basal promoter activity. These data indicate that a functional SMAD4/BMP response element may be essential for the activity of upstream response elements involved in the induction of hepcidin by macrophages in this system. In support of this hypothesis, the BMP antagonist noggin significantly decreased basal HAMP mRNA expression in HuH7 monocultures. However, in the presence of a functional SMAD4/BMP response element macrophagederived factors were still able to induce HAMP by approximately 2.4 fold in noggin-treated cells.
The molecular actions of IL-1 have been studied in great detail. Both IL1-α and β operate through type I IL-1 receptor (IL-1RI) and mainly trans-activate the transcription factor nuclear factor κB (NF-κB), the mitogenactivated protein kinase (MAPK/ERK1,2) signaling cascade or C/EBP proteins. 34 To date, the involvement of NF-κB or MAPK/ERK signaling has not been reported in hepcidin regulation. However, the C/EBP proteins (α and β) have been implicated in iron-mediated regulation of the HAMP promoter. 22 A conserved C/EBP binding site (-231 to -222 bp) has also been implicated in maintaining basal HAMP promoter activity. 18, 22 Interestingly, in our studies mutation of the C/EBP binding site did not alter basal HAMP promoter activity. This is likely to reflect differences in the promoter constructs used -we mutated the C/EBP binding site by addition of a MluI restriction site, whereas in previous studies 18, 22 the C/EBP binding site was deleted by truncation of the promoter construct. The involvement of C/EBP in the acute phase response has been demonstrated in a range of different tissues and principally involves C/EBP-α, β and ∆. 35 The C/EBP proteins are known to augment IL-6 transcription (C/EBP-β is also termed NF-IL6 as it can directly affect IL-6 transcription), affect STAT3 signaling or independently trans-activate the target gene. Our data suggest that STAT3 is not necessary for the activation of hepcidin in the co-culture model and that C/EBP factors play a major role in the induction of hepcidin by macrophages.
It is tempting to speculate that the stimulation of C/EBP proteins by IL-1β results in an increase in HAMP expression. This hypothesis is supported by recent studies in hepatoma and human primary hepatocytes, showing that hepcidin was induced by IL-1β directly and does not require any cross-talk with the IL6/STAT3 pathway. 36 However, it is also possible that IL-1β may be working indirectly, perhaps through the modulation and release of BMP. Future studies will explore this possibility.
In summary, using a co-culture model we have shown that activated macrophages induce hepatic HAMP expression. Our data suggest that IL-1β is the predominant macrophage factor involved in mediating this response. These findings provide novel insights into the cross-talk between macrophages and hepatocytes and add evidence to the suggestion that during inflammation these two cell types act in concert to regulate hepcidin production.
